[1] Io's relative motion in the plasma torus strongly perturbs the incident magnetoplasma. The waves generated by Io then propagate through the dense plasma torus, the low-density magnetospheric plasma and finally reach the Jovian ionosphere producing the well-known Io footprint. Direct spacecraft observations by the Voyager and Galileo spacecraft demonstrated that Io's interaction is nearly fully saturated, i.e. the plasma flow close to Io is nearly brought to a halt in conjunction with a strong magnetic field perturbation. Here we use a nonlinear, three-dimensional, time-dependent MHD model to examine how the Iogenerated waves propagate, are partly reflected at plasma density gradients, and nonlinearly interact. In this work, we concentrate on the basic properties of the wave propagation based on a simplified magnetic field geometry. Despite the idealization, structural features such as the shape and morphology of the Io footprint and its wake can be qualitatively compared to measured data. We show that a strong and saturated interaction fundamentally modifies Io's wave field from the linear wave morphology picture traditionally studied. In particular, we find that due to the strong and thus nonlinear interaction the standard law of reflection completely breaks down. Io's Alfvén waves are reflected in Jupiter's ionosphere nearly anti-parallel to the incident wave. We also notice overlapping and blending together of the multiply reflected Alfvén wings with increasing strength of Io's interaction. This could be a possible explanation for the disappearance of multiple footprints when Io moves to the torus center. Citation: Jacobsen, S., F.
[1] Io's relative motion in the plasma torus strongly perturbs the incident magnetoplasma. The waves generated by Io then propagate through the dense plasma torus, the low-density magnetospheric plasma and finally reach the Jovian ionosphere producing the well-known Io footprint. Direct spacecraft observations by the Voyager and Galileo spacecraft demonstrated that Io's interaction is nearly fully saturated, i.e. the plasma flow close to Io is nearly brought to a halt in conjunction with a strong magnetic field perturbation. Here we use a nonlinear, three-dimensional, time-dependent MHD model to examine how the Iogenerated waves propagate, are partly reflected at plasma density gradients, and nonlinearly interact. In this work, we concentrate on the basic properties of the wave propagation based on a simplified magnetic field geometry. Despite the idealization, structural features such as the shape and morphology of the Io footprint and its wake can be qualitatively compared to measured data. We show that a strong and saturated interaction fundamentally modifies Io's wave field from the linear wave morphology picture traditionally studied. In particular, we find that due to the strong and thus nonlinear interaction the standard law of reflection completely breaks down. Io's Alfvén waves are reflected in Jupiter's ionosphere nearly anti-parallel to the incident wave. We also notice overlapping and blending together of the multiply reflected Alfvén wings with increasing strength of Io's interaction. This could be a possible explanation for the disappearance of multiple footprints when Io moves to the torus center. Citation: Jacobsen, S., F.
Introduction
[2] Io's interaction with the Jovian magnetosphere has been of substantial interest ever since Bigg [1964] discovered the correlation of Jupiter's decametric radio emission (DAM) and Io's orbital position. Most of the theoretical concepts that have been developed to explain this electrodynamic interaction employ the framework of magnetohydrodynamics (MHD), which is a convenient albeit not complete description. Early models, such as the unipolar inductor model by Piddington and Drake [1968] and Goldreich and Lynden-Bell [1969] , used a current loop model involving strictly field aligned currents to form a closed current circuit. As they were developed under the assumption of a low-density plasma, these models neglect the plasma inertia. Their validity is therefore limited to high magnetic latitudes. They do not apply to the dense plasma torus, which was discovered much later by Broadfoot et al. [1979] and Bridge et al. [1979] confirming previous hints by Mekler and Eviatar [1974] .
[3] For a dense homogeneous torus, an Alfvén wing model was developed in the framework of MHD by Neubauer [1980] , extending the previous linearized solution by Drell et al. [1965] to a fully nonlinear regime. Neubauer [1980] noted that changes in the plasma density along the direction of propagation may cause reflections of the MHD waves generated by Io. Deift and Goertz [1973] considered an inhomogeneous plasma density but solved the wave equation linearly. Other Alfvén wing models include pickup processes for current closure in Io's vicinity [Goertz, 1980] or in its corotational wake [Southwood and Dunlop, 1984] .
[4] Infrared [Connerney et al., 1993] and UV [Clarke et al., 1996] images of an intense footprint of the magnetic flux tube connected to Io (IFT) and a trailing wake-like structure dramatically illustrate the intensity of the interaction. Although the exact mechanism that produces the footprint emissions is not yet fully understood, it is generally agreed that Alfvén waves play an important role in this process [Crary, 1997] . Chust et al. [2005] suggested that for the transmission and reflection of the Alfvén waves filamentation might be of importance. The morphology of the Io footprint features a bright spot and a fainter trailing part, extending up to more than 100°in longitude [Clarke et al., 2002] . The latter structure was modelled analytically by Hill and Vasyliūnas [2002] and also numerically with a twodimensional Hall-MHD model for cold plasma by Delamere et al. [2003] . Despite some differences, in both models the acceleration of a subcorotating cloud of Iogenic plasma generates Birkeland currents, which excite the observed auroral emissions. More detailed observations of the Io footprint wake, published by Connerney and Satoh [2000] and recently by Gérard et al. [2006] also show multiple luminosity maxima in the wake feature, which are believed to be associated with Alfvén wave reflections within the torus [Gérard et al., 2006] .
[5] Io's three-dimensional MHD wave field in all different magnetospheric plasma regimes including reflections has only been treated linearly so far. This has been done by assuming small amplitude disturbances and neglecting second order terms necessary to describe the interaction between the waves propagating away from Io and the reflected waves traveling in the opposite direction, as well as the interaction between the different wave modes. In contrast, measured data indicate a strongly disturbed magnetic field and plasma [e.g., Kivelson et al., 1996; Frank et al., 1996] .
[6] In this work we study the morphology of Io's wave field in Jupiter's magnetosphere as a function of the strength of the interaction generated locally at Io. For our studies we apply a 3D MHD model, but as we focus on the understanding of the basic physics of nonlinear MHD wave reflection and the mutual interaction of the waves, our model includes neither features of the local interaction near Io as, e.g., done by Saur et al. [1999] , nor kinetic processes in the acceleration region as, e.g., analyzed by Su et al. [2003] . In our studies, we examine basic nonlinear wave patterns of Io's wave field in Jupiter's inhomogeneous magnetosphere and their implications for the Io footprint morphology.
Model and Numerical Method
[7] The objective of this work is to study the evolution of the waves fields in Jupiter's magnetosphere generated by Io's interaction with the Io plasma torus. Therefore we employ the framework of single-fluid MHD equations
to conduct our studies. The plasma is characterized by the parameters r: mass density, v: plasma bulk velocity, B: magnetic field, e: internal energy, and p: thermal pressure. The neutrals have the internal energy of e n , negligible bulk velocity, and the interaction with the incident plasma is described by the effective collision frequency h.
[8] The momentum and energy exchange of the Io plasma torus with Io's atmosphere is the source of the interaction, which we include as collision term in the last term in the equation of motion (2) and frictional heating and temperature coupling in the energy equation (4), respectively. We represent Io by a spherical cloud of neutral gas of uniform density.
[9] The effective collision frequency h is a free parameter in our model and constant in the spherical volume which represents the interaction with Io's atmosphere. It determines the magnitude of the initial perturbations, such as velocity, and consequently the amplitude of the stimulated waves, i.e. the strength of the interaction. We vary this parameter to study the range from weak, quasilinear interaction to strong, highly nonlinear interactions. We achieve the quasilinear interaction with a small velocity perturbations and thus small wave amplitudes compared to the background value, and the strong, highly nonlinear interactions with a plasma flow nearly halted in Io's rest frame and thus wave amplitudes on the scale of the background value.
[10] With these source terms the equations contain the origin of the plasma and magnetic field perturbation and describe as well the propagation of the excited waves.
[11] We solve equations (1) to (4) numerically with the Zeus-3D code, which is a three-dimensional enhancement of Zeus-2D [Stone and Norman, 1992] . It is a timedependent finite difference code which solves the equations of ideal, single-fluid magnetohydrodynamics with our extensions.
[12] The simulation is carried out in an idealized geometry, illustrated in Figure 1 , until a quasi steady-state is reached. The idealized model is chosen to emphasize the study of the basic physical processes and not so much the complex configuration of Jupiter's real magnetosphere. The incident plasma flow is aligned with the x-direction, the magnetic field is antiparallel to the z-axis and the y-axis completes the right handed cartesian coordinate system. 45] Io radii (R Io ) with a non-equidistant grid and Io located at its origin. The highest resolution is 0.1 R Io at the position of Io and decreases to 0.65 R Io at the maximum distance from Io. We implement a density profile along the zdirection, as shown in Figure 1c , to take into account the different plasma regimes the MHD waves encounter. There is no density gradient in the x-and y-direction. A dense torus plasma with r 0 = 42200 amu cm À3 extends from À12 < z < 12 R Io . Outside the torus the density drops linearly to 1/10 r 0 over a range of 4 R Io . The low-density plasma representing conditions at high magnetic latitudes ranges up to ±33 R Io . This region is bordered by a linear increase of the plasma density up to 200 r 0 in the parts of the simulation box representing the northern and southern Jovian ionospheres. For simplicity we have represented Jupiter's ionosphere by its increased plasma density and inertia only and do not include ion-neutral collisions in the ionosphere. We use this density profile as an initial and upstream boundary condition. As further initial and upstream parameters of the inflowing plasma, we choose a homogeneous bulk velocity of j v 0 j = 57 km s À1 and a magnetic field strength of j B 0 j = 1720 nT. A constant pressure of p 0 = 34 nPa has been chosen to maintain static equilibrium of the incident plasma regimes. Hence the plasma temperature is considerably higher in the lowdensity regime. Parameters r 0 , j B 0 j, jv 0 j and p 0 are taken from Kivelson et al. [2004] .
[13] We note that, even if our model does not include mass loading explicitly, it is represented in the energy equation (4) and the equation of momentum conservation (2) by the effective collision frequency h (see Neubauer [1998] and Hill and Pontius [1998] for details). Only equation (1) would be qualitatively modified.
Results and Discussion
[14] To demonstrate how the interaction changes fundamentally as a function of the strength of the initial perturbation at Io, we show two extreme cases: one with a weak, quasilinear and one with a strongly nonlinear interaction strength. Therefore we adjust h such that the exciting plasma velocity disturbance is 2% of the background value for the first and 90% for the latter case. The generated slow mode, fast mode, and Alfvén waves propagate through the magnetosphere and partial reflections take place at density gradients. The Alfvén mode thereby carries current, energy and momentum predominantly along the field, whereas fast and slow mode waves carry energy and momentum predominantly across the field. In agreement with theoretical expectations [Wright, 1987] , the sign of the plasma velocity perturbation caused by the Alfvén mode is reversed with reflection at positive plasma density gradients and conserved when a decreasing plasma density is encountered. The plasma velocity j v j is color-coded in Figures 2a and 2b . For symmetry reasons, we show only the northern hemisphere of the simulation volume. For strong Alfvénic interaction (Figure 2b) , compressional waves such as the slow and fast magnetosonic modes are barely visible in our color coding due to their considerably lower amplitude. However, they are well visible in plasma density and pressure data, not shown here. The disturbance in the magnetic field direction changes sign, contrary to the plasma velocity perturbation, when the Alfvén waves are reflected at negative density gradients [Wright, 1987] .
[15] The plasma parameters discussed above determine the Alfvén characteristics which specify the direction of the energy transport via northward (C A À ) and southward (C A + ) traveling Alfvén waves, respectively. Figure 2 . Total plasma bulk velocity j v j (color coding) in the xz-plane in the northern hemisphere. Alfvén characteristics followed from the origin of the initial disturbance source are displayed as black (northward) and magenta (southward) lines for the (a) quasilinear and (b) nonlinear configuration. The initial deceleration of the plasma via collisions leads to a smaller value of j v j with respect to the undisturbed background value. The Alfvén waves carry this 'negative' plasma velocity disturbance along the solid lines. The dashed lines depict perturbations with opposite sign after reflection at positive plasma density gradients. The line thickness decreases with each reflection/transmission process to illustrate the decaying amplitude of the waves.
[16] These Riemann invariants or Elsasser variables v A À and v A + describe the causal connection between an Alfvénic disturbance and its origin, i.e. the disturbance source. Some of these characteristics which are connected with the source region of the perturbation are plotted over the plasma velocity data in Figures 2a and 2b . Under quasilinear conditions the law of reflection is a good approximation, as the angle of incidence almost equals the angle of reflection. By contrast the standard law of reflection completely breaks down for the nonlinear configuration, where v A À and v A + are almost antiparallel in the Alfvén wing originating from Io. As a result, multiple reflections superimpose between the reflection points with only a small resulting component in the downstream direction. Thus, for example, the initially sharp Alfvén wing fans out in the lowdensity plasma with proceeding simulation time. The generated blurred wing is reflected throughout the simulation box, which leads to the diffuse morphology of the reflection pattern. Furthermore, nonlinear conditions lead to significant variation in the propagation direction of the Alfvén waves downstream of Io in each plasma regime, whereas for a quasilinear interaction the characteristics in the different parts of the magnetospheric model are almost translationinvariant in the direction of the plasma flow.
[17] Hence, the simulated reflection pattern for nonlinear interaction is not consistent with the classical picture of rhombus-like morphology illustrated in Figure 1b derived from a linearized approach. In addition to these structural differences, the frequently interpenetrating reflected waves interfere and thus affect the resulting amplitudes of the magnetoplasma disturbances. Local constructive or destructive superposition depends on the plasma parameter under consideration changing signs during reflection.
[18] The interaction strength also has a drastic impact on the cross-section of the Alfvén wing and the reflections. Thus the simulated Io footprint morphology differs significantly for the two cases under consideration. Figure 3 shows the absolute value of the current density in the northern Jovian ionosphere (at z = 33 R Io in the simulation box). For quasilinear conditions (Figure 3a) , the plot shows a distinct, sharp footprint of the IFT. The reflections produce similar dot-like structures in the trailing part. In the nonlinear case (Figure 3b) , the IFT-footprint is rather spread out because it is a cross-section of the fan-shaped structure in the low-density plasma area (see figure 2b) . The cross sections of the reflections are formed similarly. The maximum current density is located in the downstream part of the stretched footprint signature (at x ' 13 R Io ). This is caused by local constructive interference of magnetic field disturbances, which determine the current density through Ampère's law. Tests have shown that the position where the complicated interaction leads to constructive or destructive interference strongly depends on the geometrical properties of the magnetospheric model. This also applies to the current density. In the simulation discussed here, a reflection from the southern edge of the plasma torus reaches the northern Jovian ionosphere at the location described and intensifies the perturbation in B. The deformation of the IFT signature, on the other hand, is a common feature for intermediate and strong interactions, produced by multiply interpenetrating reflections within the low plasma density region. Although Figure 3 does not show luminosity in the UV or IR, it is generally assumed that the emission magnitude in these spectral bands is correlated with the amount of electric current reaching the Jovian auroral region. Thus the current density may be regarded as a proxy parameter and can be qualitatively compared to recent observations by Gérard et al. [2006] . They found (a) that the number of sharp spots in Io's auroral feature increases and (b) the luminosity decreases, when Io is displaced from the torus center and experiences lower plasma densities. On the other hand, a stretched-out IFT wake is observed when Io resides near the torus center. As the ambient plasma density also determines the interaction strength, this agrees with our results. Consequently, our nonlinear approach provides a possible explanation for the occurrence of clearly separated maxima corresponding to a weaker interaction in a lower density plasma and the observed single spread out Figure 3 . Absolute value of the current density j J j in the northern Jovian ionosphere (at z = 33 R Io in our model). We show upward and downward going currents although we are aware that both might not equally contribute to the generation of the footprints. flux tube morphology, corresponding to a strong interaction in the torus center.
Conclusions
[19] Our studies show profoundly different properties of the MHD wave pattern depending on the amplitude of the perturbation generated by Io. Although carried out in an idealized simulation geometry, and dependent to some extent on geometric parameters, the simulations suggest that a linearized approach to describe Io's interaction with the Jovian magnetosphere is not adequate when Io is located deep inside the plasma torus. A weakly perturbed medium produces a wave field which can be treated linearly, and the observed rhombus-like structures within the plasma torus can be reproduced with the standard law of reflection. A strong disturbance shows a much more complicated morphology. The standard law of reflection does not apply to this case and we observe in some parts of the simulation volume:
angle of incidence ¼ Àangle of reflection:
[20] Moreover, superimposed waves affect the resulting amplitude of the plasma velocity and magnetic field perturbation. In this way, it is not only the strong initial disturbance but also the reflection of the Alfvén wing 'in itself' that can locally strengthen or weaken the disturbance field. The propagation through a highly perturbed medium also implies distortion and blurring of the IFT cross section, which affects the Io footprint morphology. Our results suggest that the observed footprint morphology variation correlates with the amplitude of the interaction. Multiple spots indicate a weaker interaction, while a continuous and spread-out IFT wake indicates a stronger interaction.
